Abstract The GNAS complex locus encodes the alphasubunit of the stimulatory G protein (Gsα), a ubiquitous signaling protein mediating the actions of many hormones, neurotransmitters, and paracrine/autocrine factors via generation of the second messenger cAMP. GNAS gives rise to other gene products, most of which exhibit exclusively monoallelic expression. In contrast, Gsα is expressed biallelically in most tissues; however, paternal Gsα expression is silenced in a small number of tissues through as-yet-poorly understood mechanisms that involve differential methylation within GNAS. Gsα-coding GNAS mutations that lead to diminished Gsα expression and/or function result in Albright's hereditary osteodystrophy (AHO) with or without hormone resistance, i.e., pseudohypoparathyroidism type-Ia/Ic and pseudopseudohypoparathyroidism, respectively. Microdeletions that alter GNAS methylation and, thereby, diminish Gsα expression in tissues in which the paternal Gsα allele is normally silenced also cause hormone resistance, which occurs typicall y i n t h e a b s e n c e o f A H O , a d i s o r d e r t e r m e d pseudohypoparathyroidism type-Ib. Mutations of GNAS that cause constitutive Gsα signaling are found in patients with McCune-Albright syndrome, fibrous dysplasia of bone, and different endocrine and non-endocrine tumors. Clinical features of these diseases depend significantly on the parental allelic origin of the GNAS mutation, reflecting the tissuespecific paternal Gsα silencing. In this article, we review the pathogenesis and the phenotypes of these human diseases.
an allele specific manner [9] . As in many other genomic loci, the GNAS promoter located in the methylated allele is silenced, such that while the XLαs, A/B and GNAS-AS1 transcripts are exclusively paternally expressed, the NESP55 transcript is maternally expressed [7, 8, [10] [11] [12] [13] [14] (Fig. 1) . The genomic region comprising the putative promoter of Gsα do not show any methylation, and the Gsα transcript is biallelically expressed in most tissues. However, based on data from mice and humans, paternal Gsα expression is silenced in some tissues, including proximal renal tubules, neonatal brown adipose tissue (BAT), thyroid, gonads, paraventricular nucleus of the hypothalamus and pituitary [15] [16] [17] [18] [19] [20] [21] . Mechanisms underlying the tissue-specific maternal expression of Gsα are poorly defined. Yet, it is clear that this epigenetic event contributes greatly to the parent-of-origin specific phenotypic variability of GNAS mutations (see below).
Cellular Action of Gsα
Similar to other G alpha subunits, Gsα exists in a GDPbound form at the basal state as part of a heterotrimeric complex. Agonist-activation of a Gsα -coupled heptahelical transmembrane receptor, such as the betaadrenergic receptor or the receptor for parathyroid hormone (PTHR), induces a GDP-GTP exchange, thus leading to the dissociation of Gsα from Gβγ subunits. The GTP-bound Gsα is able to stimulate different effectors and thereby initiates various responses depending on the cellular context. The most extensively investigated effector stimulated by Gsα is adeynylyl cyclase, which catalyzes the conversion of ATP into the second messenger cAMP. Gsα is a GTP hydrolase and this activity ensures that the activation of Gsα is short-lived by converting the latter back into its GDP-bound state, which then reassembles with Gβγ and becomes inactive until the cycle is reinitiated by an activated heptahelical receptor. Primary action of Gsα takes place at the plasma membrane. The membrane localization of Gsα depends on palmitoylation of an amino-terminal cysteine residue and its association with the Gβγ subunits. Upon activation, Gsα undergoes depalmitoylation, in addition to dissociating from Gβγ, and, thus, localizes to the cytosol. The activation-induced subcellular redistribution of Gsα is another regulatory mechanism that limits Gsα signaling. Mechanisms and structural features of Gsα activation, along with the activation of other heterotrimeric G proteins, are reviewed in detail elsewhere [22, 23] . Fig. 1 Multiple imprinted sense and antisense transcripts from the GNAS complex locus. Exons 1-13 encode Gsα, which is biallelic in most tissues; however, paternal Gsα allele is silenced in certain tissues (dotted arrow). Several other transcripts arise from differentially methylated promoters, including the maternally expressed NESP55 and the paternally expressed XLαs and A/B (also referred to as 1A or 1′). All of these transcripts use individual first exons that splice onto exons 2-13 of GNAS. Another non-coding transcript is also derived from the paternal GNAS allele, but this transcript is made from the antisense strand (GNAS-AS1 transcript, also referred to as Nespas in mice). Boxes and connecting lines depict exons and introns, respectively. Maternal (mat) and paternal (pat) GNAS products are illustrated above and below the gene structure, respectively, with splicing patterns indicated by curved lines. B+^indi-cates methylated promoters either on the paternal allele (NESP55) or the maternal allele (XLαs, A/B, GNAS-AS1 exon 1). Arrows indicate direction of transcription. The figure is not drawn to scale
Genetic Disorders Resulting from GNAS Mutations
Inactivating Mutations in Gsα-coding GNAS Exons
PHP-Ia/PPHP and PHP-Ic
Germline or somatic alterations affecting the GNAS complex locus are responsible for several disorders. Heterozygous inactivating mutations in Gsα-coding GNAS exons cause Albright's Hereditary Osteodystrophy (AHO), a constellation of features described originally by Fuller Albright and colleagues [24] , including obesity with round face, short stature, brachydactyly, subcutaneous ossification, and mental retardation ( Fig. 2 and Table 1 ). Certain patients with AHO and inactivating Gsα mutations also present with end-organ resistance to the actions of parathyroid hormone (PTH), a disorder called pseudohypoparathyroidism type-Ia (PHP-Ia). The classical feature of PHP-Ia, as well as other subtypes of PHP type-I, is a failure to increase urinary cAMP and urinary phosphate excretion in response to exogenous PTH administration [25] . This finding reflects PTH resistance at renal proximal tubules, in which PTH normally inhibits the reabsorption of phosphate and induces the expression of 25-dihydroxyvitamin D 1-alpha-hydroxylase (Cyp27b1) mRNA via cAMP-dependent cellular mechanisms. Of note, PHP type II (PHP-II) is characterized by normal nephrogenous cAMP generation with impaired urinary excretion of phosphate to exogenous PTH administration [26] .
Since Gsα signaling and cAMP production play important roles in the actions of a variety of hormones, resistance to additional hormones including thyroid stimulating hormone (TSH), growth hormone releasing hormone (GHRH), and gonadotropins can also be observed in some patients with PHPIa, leading to hypothyroidism, growth hormone deficiency, and hypogonadism [27, 28] . Hypothyroidism could be the first clinical manifestation of PHP-Ia, as early as neonatal period, detected at screening for congenital hypothyroidism; however, the diagnosis of PHP-Ia is usually established when hypocalcemia and elevated PTH have been detected, which often becomes manifest during early childhood [17] [18] [19] [27] [28] [29] .
The heterozygous mutations in Gsα-coding GNAS exons are found not only in patients with PHP-Ia but also in patients who present with AHO features in the absence of hormone resistance, referred to as pseudo-pseudohypoparathyroidism (PPHP) [30] . This disorder is often found in the same kindreds with PHP-Ia, but the two disorders are never present in the same sibship [31, 32] . PPHP develops when a Gsα mutation is inherited from the father, while PHP-Ia develops upon maternal transmission of the same mutation [31, 32] . This parent-of- Mutations scattered through all Gsα-coding GNAS exons cause AHO (Albright's hereditary osteodystrophy) with or without hormone resistance, i.e. pseudohypoparathyroidism (PHP)-Ia, PHP-Ic, pseudopseudohypoparathyroidism (PPHP), or progressive osseous heteroplasia (POH). Maternal STX16 deletions cause isolated A/B loss of methylation; maternal deletion of NESP55 leads to isolated A/B loss of methylation with hemizygosity in NESP55. Maternal deletions affecting GNAS-AS1 (AS) exons 3 and 4 result in a loss of methylation at all maternal GNAS imprints. Sporadic PHP-Ib cases show loss of methylation at exon XL, the promoter of GNAS-AS1, and exon A/B, and a gain of methylation at exon NESP55, but the genetic defect is unknown except for paternal uniparental disomy involving chromosome 20q. Missense mutations of residues Arg201 and Gln227 cause McCune-Albright Syndrome (MAS) and fibrous dysplasia of bone (FD) and are found in various endocrine and non-endocrine tumors. Boxes and connecting lines depict exons and introns, respectively. Maternal (mat) and paternal (pat) GNAS products are indicated by their direction of transcription. Arrows indicate direction of transcription. The figure is not drawn to scale origin specific mode of inheritance for hormone resistance could be explained by the tissue-specific paternal silencing of Gsα. Since the paternal allele is already silenced, an inactivating mutation on the maternal allele leads to a dramatic reduction in Gsα expression/activity in those tissues. In contrast, the same mutation does not lead to a change in Gsα expression/activity when located on the paternal allele. Thus, hormone resistance occurs only in those tissues in which paternal Gsα is silenced, while hormone responsiveness is seemingly normal in tissues in which Gsα expression is biallelic (despite the 50 % reduction in Gsα activity) [15, 17-19, 25, 27-29] . For example, PTH actions in the proximal tubule are impaired, while vasopressin actions in the collecting duct are normal, consistent with the presence and absence of paternal Gsα silencing in those tissues, respectively [15, 25, 33] . Note, however, that evidence for subclinical PTH resistance, TSH resistance, and subnormal GH stimulation response have been detected in few cases with paternally inherited Gsα-coding GNAS mutations [34] [35] [36] [37] [38] [39] . It remains unclear whether the biochemical alterations observed in those rare cases reflect mild hormone resistance resulting from paternal Gsα loss or unrelated factors.
As indicated above, PTH resistance in PHP-Ia typically develops after infancy and during early childhood. The latency in the development of PTH resistance has been experimentally demonstrated in mice heterozygous for maternal ablation of Gsα [40•] . In fact, it correlates well with the finding that the paternal Gsα silencing is established gradually after early postnatal development in mouse renal proximal tubules [40•] . Further studies are needed, however, to understand whether the delay in the establishment of paternal Gsα silencing directly contributes to the latency of PTH resistance, as other possibilities exist, including nutritional factors and the involvement of Gsα-independent signaling pathways. It is also necessary to elucidate the mechanisms underlying the spatiotemporal regulation of paternal Gsα silencing.
Gsα is expressed biallelically in most tissues, such as lymphocytes, adrenal, white adipose tissue, bone, and growth plate chondrocytes [15, 41, 42] . AHO features are thought to develop due to Gsα haploinsufficiency in those tissues. For example, heterozygous ablation of Gsα in mouse growth plate chondrocytes results in accelerated differentiation into hypertrophy regardless of the parental origin of this genetic manipulation [42] , and this is consistent with the brachydactyly, advanced bone age, and short final height despite the absence of pronounced short stature during childhood. Nonetheless, recent data from human studies have revealed that obesity and cognitive impairment occur predominantly in patients with PHP-Ia rather than PPHP [43, 44] . These findings are consistent with the paternal silencing of Gsα in certain parts of the brain [20] .
Since exons 2-13 of GNAS are shared by XLαs, NESP55 and A/B, mutations in those exons lead to deficiency of not only Gsα but also these other products; however, the phenotypes resulting from the deficiency of each of these GNAS products are unclear. One recent study showed that patients with PPHP have lower birth weights than PHP-Ia cases, and that those carrying mutations in exons 2-13 are even smaller at birth than those carrying exon 1 mutations, suggesting that the deficiency of a paternally expressed GNAS product, such as XLαs, contributes to this phenotype [45•] . Accordingly, the paternal ablation of XLαs in mice leads to low birth weight [46, 47] .
The 50 % reduction of Gsα activity in patients with inactivating GNAS mutations can be utilized as a diagnostic test. Although this test is not extensively used in practice, it has been effectively employed in making the precise diagnosis of the PHP subtype (see below) [34, 48] . Gsα activity is In cases caused by GNAS mutations, Gsα coupling to receptors are impaired, leading to an apparently normal Gsα activity measurement when stimulation is carried out by using direct Gsα activators c POH patients sometimes have hormone resistance and/or AHO features; PTH-induced urinary excretion of cAMP and phosphate has been directly measured in few cases, but in most cases, these are predicted to be normal because of the paternal origin of the mutations d The genetic defects alter the differential methylation status of GNAS; some patients additionally show mild TSH resistance; in several cases AHO features have been reported; a recent study showed mildly diminished erythrocyte Gsα activity in a series of patients with GNAS methylation defects measured in patient-derived erythrocytes, which are used to complement membranes from turkey erythrocytes or S49 murine lymphoma cell membranes that lack endogenous Gsα activity [49, 50] . A single case with a compound heterozygous mutation having 10-20 % Gsα activity has been reported [51] ; however, no homozygous mutations with completely absent Gsα activity has yet been described in humans. Homozygous mutations could be incompatible with life, since embryonic lethality was observed in mice with homozygous ablation of Gnas [15, 52, 53] . A normal erythrocyte Gsα activity in the presence of typical clinical features of PHP-Ia is described as PHP-Ic [27] . In several cases with PHP-Ic, Gsα mutants have been identified, which are able to stimulate adenylyl cyclase but defective in receptor coupling. In those cases, Gsα activity could be measured as normal when the erythrocyte Gsα bioactivity assay is performed by using direct stimulators of Gsα activity, such as a GTP analog, rather than a receptor agonist. The identified Gsα mutations are located near the C-terminal end of the Gsα molecule, consistent with the importance of this region in receptor interactions [54, 55] .
GNAS mutations identified thus far are listed in different publically available databases (see, for example, www. genecards.org). In general, genotype-phenotype correlation does not exist in diseases caused by inactivating GNAS mutations. However, a temperature sensitive Gsα mutant (A366S) that causes testotoxicosis due to constitutive activity at the lower temperature of the testes, but instability at body temperature, has been described in two boys [56, 57] . Constitutive activity of the Gsα-A366S mutant results from rapid GDP release. Additionally, an AVDT amino acid repeat insertion has been identified in two siblings, leading to an unstable, but overactive, Gsα mutant that causes transient neonatal diarrhea due to enhanced cAMP signaling in the gut [58] . This mutation also accelerates the GDP release, and in addition, prolongs the GTP hydrolase reaction, leading to constitutive activity. Because activation-induced Gsα depalmitoylation is inhibited in the intestinal epithelium, the mutant associates with the plasma membrane more avidly than wild-type Gsα upon activation and, thereby, leads to elevated cAMP generation [58] .
Progressive Osseous Heteroplasia
Progressive osseous heteroplasia (POH) is a rare manifestation of AHO characterized by severe heterotopic ossification, which, unlike those typically observed in AHO patients, is progressive and affects deep connective tissue and skeletal muscle [59] . Clinically, POH presents during infancy with dermal and subcutaneous ossifications and subsequently becomes invasive during childhood. Ossification of skeletal muscle and deep connective tissues (i.e., tendon, ligaments, fascia) can lead to ankylosis of affected joints and growth retardation of affected limbs later in life.
Although germline GNAS mutation are found in POH patients, features of AHO or hormone resistance are absent in most cases. Paternally inherited mutations have been detected in the great majority of cases [60] , which is consistent with the absence of hormone resistance. The paternal inheritance of the mutations suggests the involvement of the deficiency of a paternally expressed GNAS product in the development of POH. However, although the same GNAS mutations have been identified in patients with POH, PHP-Ia, or PPHP, why some patients develop POH is unclear. Additionally, GNAS mutations could be detected only in the 64 % of the peripheral leukocytes of patients with POH [61••] . A recent study revealed that POH frequently follows dermomyotomes and shows lesional bias toward one side or the other and exclusive sidedness similar to the lesions observed in McCune-Albright syndrome, which is caused by mosaic mutations of GNAS that cause constitutive Gsα activity (see below) [61••] . Furthermore, introduction of a dominant negative Gsα mutant to chick embryo somite leads to a POH-like phenotype that shows exclusive sidedness [61••] . These recent data provide new insights into the pathophysiology of POH, suggesting that the underlying cause of POH may be second-hit postzygotic mutations affecting tissues in patients with inherited heterozygous inactivating Gsα mutations. The activation of Hedgehog signaling has recently been documented in POH lesions [62••] . It was also shown using mouse models that Gsα ablation causes heterotopic ossification through activation of Hedgehog signaling [62••] . Future investigations using data from human samples will be important for better understanding of this disease and the underlying mechanisms.
Genetic Mutations Altering GNAS Imprinting
If the hormone resistance is confined to the actions of PTH in renal proximal tubules without any AHO features, the disorder is defined as PHP type-Ib (PHP-Ib) [27, 28] . However, some patients with PHP-Ib show mildly elevated TSH levels, indicating TSH resistance [19] . Instead of Gsα-coding GNAS mutations, PHP-Ib patients have methylation defects in GNAS, including a loss of methylation at the A/B, GNAS-AS1, and XLαs DMRs and a gain of methylation at the NESP55 DMR [63, 64] . These methylation changes can be complete or partial, and involve some of the DMRs; however, the DMR comprising the promoter and the first exon of the A/B transcript is almost always affected. Although AHO features are typically absent in PHP-Ib, these have been detected in some patients who have epigenetic abnormalities of GNAS identical to those found in PHP-Ib [65] [66] [67] [68] [69] . Patients with PHP-Ib typically have normal erythrocyte Gsα activity, although a recent study demonstrated mild reduction of erythrocyte Gsα activity in PHP-Ib patients and more so in those with mild AHO features compared to normals [70] . Given that PHP-Ib patients have some additional hormone resistance (TSH resistance) and occasionally display AHO features, it appears that the main difference between PHP-Ib and PHP-Ia is the nature of the molecular defect. And if they have AHO features combined with PTH and TSH resistance, this clinical phenotype could lead to the diagnosis of PHP-Ic before molecular testing [48] . Thus, molecular and genetic testing for patients with AHO and/or evidence of hormone resistance is key to the correct establishment of the diagnosis and, therefore, effective genetic counseling. Figure 3 provides a basic scheme for diagnosing patients with AHO and/or hormone resistance, including the genetic defects associated with PHP-Ia, PHP-Ic, and PPHP, as well as with the different forms of PHP-Ib (see below).
Autosomal Dominant PHP-Ib
Most PHP-Ib cases are sporadic, but some cases with PHP-Ib are familial where the disorder is inherited in an autosomal dominant manner (AD-PHP-Ib). In AD-PHP-Ib families, the hormone resistance is manifest only if the mutation is inherited from female obligate carriers, i.e., similar to the mode of inheritance of the hormone resistance in PHP-Ia [71] . In most AD-PHP-Ib cases, a loss of methylation at the exon A/B DMR is the only imprinting defect [63, 64] . Unlike in patients with PHP-Ia, PPHP, PHP-Ic, or POH, the genetic defects leading to these imprinting changes and PTH resistance are located outside the Gsα-coding GNAS exons (Fig. 2) . Nearly all AD-PHP-Ib cases carry maternally inherited microdeletions in the neighboring STX16 gene encoding syntaxin-16 [72] [73] [74] . Most frequent deletion removes a 3-kb genomic region comprising exons 4-6, and the minimal overlap among these deletions includes STX16 exon 4 and flanking intronic regions [72] [73] [74] . In a single kindred with isolated loss of A/B methylation, however, a maternally inherited 19-kb deletion has been described, removing exon NESP55 and the upstream genomic region [75••] . As the latter does not overlap with the deletions within STX16, it appears that two distinct regions are required for establishing the methylation imprint at the A/B DMR. Syntaxin-16 is a member of the syntaxin family of SNARE proteins [76] . Interestingly, STX16 is not an imprinted gene, and therefore, it is thought that the STX16 deletions disrupt a regulatory element of GNAS controlling the A/B methylation [72] [73] [74] . Targeted deletion of Stx16 exons 4-6 (i.e., equivalent to the recurrent 3-kb deletion in humans), however, does not cause PTH resistance or Gnas methylation abnormalities in mice regardless of the parental origin of the targeted allele and even when the deletion is homozygous [77] . This finding not only supports the hypothesis that the hormonal and epigenetic defects in Fig. 3 A scheme of differential diagnosis for patients who present with AHO and/or hormone resistance. DNA testing for GNAS mutations is conducted in a variety of commercial laboratories (see Genetic Testing R e g i s t r y ; w w w. n c b i . n l m . n i h . g o v / g t r / t e s t s ) . P P H P pseudopseudohypoparathyroidism; PHP pseudohypoparathyroidism; AD-PHP-Ib autosomal dominant pseudohypoparathyroidism; LOM loss of methylation; LOH loss of heterozygosity; patUPD20q paternal uniparental disomy affecting the region of chromosome 20 that comprises GNAS; AS E3/4 GNAS-AS1 exons 3 and 4. *, if Albright's hereditary osteodystrophy (AHO) features include heterotopic ossification that invades the deep connective tissue and skeletal muscle then the diagnosis is progressive osseous heteroplasia (POH). Note that patients with POH infrequently display other AHO features or hormone resistance. **LOH can also be detected if there is a large deletion on the maternal allele that removes all the GNAS differentially methylated regions AD-PHP-Ib do not result from syntaxin-16 deficiency, but also indicates that the location of this putative cis-acting regulatory element of the mouse Gnas locus is different from that in humans.
Few AD-PHP-Ib cases have been reported to have methylation defects in multiple GNAS DMRs. In three unrelated AD-PHP-Ib families, deletions of all or part of the NESP55 DMR have been identified, including exon NESP55 and exons 3 and 4 of the GNAS-AS1 transcript (Fig. 2) [78, 79] . In two families, the deletions are nearly identical and remove the entire NESP55 DMR [78] and, in the third family, GNAS-AS1 transcript exons 3 and 4 are deleted along with a significant portion of intron 2, while NESP55 is preserved [79] . The overlap among these deletions comprises GNAS-AS1 exons 3 and 4, thus pointing to a cis-acting element regulating the maternal GNAS methylation imprints. Maternal deletion of the entire Nesp55 DMR leads in mice to the loss of all maternal Gnas methylation imprints, leading to hypocalcemia, hyperphosphatemia, and hyperparathyroidism, i.e., PHP, by increasing A/B (1A in mice) transcription and decreasing Gsα mRNA levels in kidney [80, 81•] . Paternal inheritance of this genetic defect does not cause any methylation defects. In addition, studies in mice have shown that the Nesp55 transcription is necessary for the establishment of the downstream maternal methylation imprints [82] . It is thus possible that the maternal deletion of the NESP55 DMR in patients (and in mice) alters GNAS methylation in cis by disrupting NESP55 transcription.
The deletions in the NESP55 region do not yield any methylation changes following paternal transmission. However, paternal inheritance in one kindred, in whom the deletion encompassed GNAS-AS1 exons 3 and 4 but not exon NESP55, led to incomplete alterations of GNAS methylation [79] . Thus, this deletion is predicted to affect a cis-acting element regulating imprinting on both parental alleles of GNAS. The methylation changes included a partial loss of NESP55 methylation and a partial gain of A/B methylation. Since the latter is the opposite of what is detected in affected individuals who inherit the deletion from their mothers, PTH levels were analyzed in the three individuals with the paternal deletion and were found, in one out of three, to be reduced. The carrier also had elevated 1,25-dihydroxyvitamin D levels, suggesting enhanced PTH sensitivity [79] . Thus, Gsα expression may be increased in the proximal tubule of that carrier (and perhaps in the other two) as a result of gain of A/B methylation. Accordingly, mice with paternal deletion of the Nespas promoter show loss of Nesp55 methylation, a partial gain of A/B methylation, and increased Gsα levels in tissues in which the paternal Gsα allele is normally silenced [83] . The A/B transcription is predicted to diminish as a result of a gain of methylation in this region. Since this epigenetic change is associated with elevated Gsα expression, it is thus possible that the silencing of the paternal Gsα allele occurs, at least partly, through a mechanism involving transcriptional interference from the A/B transcript. Recent data from a different mouse model in which A/B transcription is prematurely terminated supports this hypothesis [84••] .
Sporadic PHP-Ib
Non-familial PHP cases with epigenetic changes involving multiple GNAS DMRs are defined as sporadic PHP-Ib patients [85] . No clinical differences have yet been identified between sporadic PHP-Ib and AD-PHP-Ib [86] . The methylation abnormalities in some sporadic PHP-Ib cases result from paternal uniparental disomy involving a part or whole of chromosome 20q [87] [88] [89] [90] [91] [92] . This genetic aberration can be revealed by analyzing patient and parental DNA samples for microsatellites in this genomic region and by determining whether the patient has a loss of heterozygosity in the absence of maternal deletion. The genetic cause or other mechanisms underlying the methylation abnormalities have yet to be identified in most patients. De novo single or multiple base pair changes, other than large deletions, in the NESP55/AS exons 3 and 4 locus could be a possible mechanism, as suggested previously [85] . However, not a single case transmitting sporadic PHP-Ib to the offspring has thus far been identified [87, 93] . Recently, small intronic deletions of 33 and 40 base pairs at the NESP55 and GNAS-AS1 regions have been detected in two different PHP-Ib cases, but their association with the disease remains questionable [94] . So far, these methylation changes could occur stochastically, or environmental factors during pre-or post-implantation period could alter methylation, since increased frequency of disorders related to imprinting defects such as, Silver-Russel Syndrome and Beckwith-Wiedemann Syndrome, have been detected in babies born from in vitro fertilization [95, 96] . Additionally, genetic defects in a trans-acting factor necessary for the maintenance of methylation at GNAS and, perhaps, some other imprinted loci are possible in sporadic cases that show various multi-locus methylation defects. In fact, GNAS methylation abnormalities have been identified in certain other imprinting disorders in which methylation changes occur at other genomic loci [97, 98] . Moreover, methylation defects in the DLK1/GTL2 or the PEG1/MEST locus have been detected in few sporadic PHP-Ib cases [99•] . The clinical significance of the loss of methylation at DLK1/GTL2, detected in one sporadic PHP-Ib case, is unclear. On the other hand, the loss of methylation at PEG1/MEST, found in another sporadic PHP-Ib case, could underlie the increased body mass index in this patient [99•] . This epigenetic defect is predicted to yield biallelic expression of PEG1/MEST, which could result in fetal overgrowth, considering that the loss of the paternally expressed PEG1/MEST gene causes embryonic growth retardation [100] .
Diseases Resulting From Constitutive Gsα Activity McCune-Albright Syndrome
Inhibition of the intrinsic GTP hydrolase activity of Gsα lead to constitutive cAMP signaling owing to the prolonged existence of Gsα in its active GTP-bound state. Most important residues are Arg201 or Gln227 with respect to the GTP hydrolase activity [101] , and missense mutations at these residues cause McCune-Albright syndrome (MAS) [102] [103] [104] . The patients are mosaic for the mutations, and it is postulated that the mutation is acquired during early embryonic development [105] . Germline gain-of-function mutations are presumed to be incompatible with life, since no patient with MAS inherited the disease to the offspring. However, germline transmission of a constitutively active Gsα mutant found in MAS patients have been recently reported in transgenic mice [106] , questioning the validity of the hypothesis that the mutant cells can survive only in the presence of wildtype cells [105] .
MAS is characterized by the classic triad of polyostotic fibrous dysplasia, café-au-lait skin pigmentation with highly irregular borders, and peripheral precocious puberty [107, 108] . Additionally, hyperthyroidism, Cushing syndrome, and pituitary gigantism/acromegaly could be part of the clinical presentation of MAS if mutated cells are present in thyroid, adrenal, and/or pituitary tissues. Renal phosphate wasting with or without rickets/osteomalacia and rarely other organ systems could be involved like liver, cardiac, parathyroid, or pancreas. For an extensive review of organ and tissue-systems involved, see references [109, 110] .
Skin and bone lesions are typically asymmetric, and the skin lesions show distribution of Blaschko's lines and do not cross the midline. The severity of disease or involved tissues is directly correlated with extent of mosaicism and, generally, extent of skin lesions. Fibrous dysplasia (FD) can involve single bone (monoostotic) or multiple bones (polyostotic) [111] [112] [113] . Only about 1 % of the cases have precocious puberty with café-au-lait spots in the absence of FD, and FD is the most frequent finding in MAS. For that reason, most frequent presentation of MAS is FD with at least one of the described endocrine hyperfunctions and/or café-au-lait spots; however, almost any combinations of the findings are possible.
Increased Gsα signaling is the underlying cause of the organ and tissue defects in MAS. For example, Gsα plays a critical role in the commitment of bone marrow stromal cells into the osteoblastic lineage and their further differentiation [114•] . Enhanced Gsα signaling and cAMP generation accelerate the osteogenic commitment of the stromal cells but inhibit their further differentiation into osteoblasts, thus resulting in the formation of fibrous dysplatic lesions consisting of fibrous cells that express early osteoblastic markers, such as alkaline phosphatase [115, 116] . Likewise, the skin lesions occur as a result of increased Gsα signaling, which normally mediates the action of alpha-MSH to stimulate melanin production [117] .
Synthesis and secretion of the phosphaturic hormone fibroblast growth factor-23 (FGF23) from the dysplastic tissue is suggested to cause renal phosphate wasting in MAS [118] . Nevertheless, frank rickets is rarely seen in those patients [119] . Consistent with that observation, a study has shown that increased cAMP in FD alters the processing of the FGF23 protein by GALNT3 and furin and, thus, leads to elevated levels of the inactive C-terminal fragment of FGF23 [120] . The cause of increased FGF23 production in the fibrous tissue is currently unknown. Gsα-mediated signaling, induced by PTH, have been shown to stimulate FGF23 transcription in osteoblasts and osteocytes, suggesting that increased FGF23 in FD lesions may be a direct consequence of the constitutive cAMP signaling [121, 122] . However, it is possible that the elevated FGF23 is secondary to the aberrant differentiation of the stromal cells and/or mediated by some autocrine/paracrine factors generated within the FD lesion.
The allelic origin of the postzygotically acquired Gsα mutation has an impact on the involvement of affected tissues. This is particularly true for GH secreting adenomas, reflecting the monoallelic expression of Gsα in the pituitary [21] . Accordingly, GH hypersecretion/acromegaly has been found only in those patients in whom the mutation is located on the maternal allele [123, 124] . In contrast, both maternal and paternal mutations can be present in affected thyroid or ovaries despite the predominant maternal expression of Gsα in those tissues, as well.
Endocrine and Non-endocrine Tumors
Somatic GNAS mutations that cause constitutive Gsα activity have also been detected in several endocrine and nonendocrine tumors, leading to the term Bgsp oncogene^ [101] . These tumors are typically well-differentiated, consistent with the role of cAMP signaling in both cell proliferation and differentiation. Constitutively activating Gsα mutations are found in about 40 % of isolated GH secreting pituitary adenomas leading to acromegaly [101, 125] . Similar to the findings in MAS patients with GH excess, the activating mutation is almost always maternal [21, 123] . Moreover, the paternal silencing of Gsα is frequently lost in both gsp+ and gsp− somatotroph tumors [21] , underscoring the importance of increased cAMP signaling in the pathogenesis of these tumors. The same constitutively activating Gsα mutations are also found in isolated tumors of tissues that are often affected in MAS patients, such as thyroid and adrenal cortex [126] . In addition, a wide variety of other benign or malignant tumors have been shown to carry activating GNAS mutations, including inflammatory hepatic tumors, renal clear cell carcinoma, intraductal pancreatic mucinous cysts, pancreatic adenocarcinoma, hepatocellular carcinoma, and colorectal tumors [127, 128, 129••, 130] . It remains to be determined whether the gsp is a driver mutation in these tumors. Since the tumors in MAS patients likely develop as a result of constitutive Gsα activity, a careful analysis of those patients for the presence of atypical tumors will help determine the role of constitutive Gsα signaling in tumorigenesis.
The activating mutations are predicted to affect other imprinted GNAS products depending on whether the mutation is acquired on the maternal or the paternal allele. It is unclear whether altered activities of these additional GNAS products contribute to the phenotype. However, it is possible that constitutive XLαs activity is involved in the pathogenesis of MAS or the various tumors carrying those GNAS mutations, as XLαs has a stronger basal activity than Gsα and the same mutations lead to higher basal cAMP signaling when introduced into the XLαs backbone than into the Gsα backbone [131] . In fact, one study investigating the allelic origin of the mutations in MAS patients suggested that, in some patients, constitutive XLαs but not constitutive Gsα activity may drive the pathogenesis of thyroid overactivity and ovarian cysts [124] . Further investigations are necessary for understanding the involvement of XLαs or other GNAS products in the development of MAS findings or various tumors. Note that increased GNAS copy number is found in a number of different tumors, and that increased XLαs activity has been suggested to play a direct role in the pathogenesis of breast cancers in which chromosome 20q is amplified [132] .
Summary
The imprinted GNAS complex locus, which gives rise to the ubiquitously expressed signaling protein Gsα and other imprinted gene products, is critical for the actions of many hormones and other endogenous molecules. Mutations that disrupt the expression or activity of Gsα lead to AHO and related diseases including the different subtypes of PHP type-I. Activating mutations, on the other hand, cause McCune-Albright syndrome and fibrous dysplasia of bone and are found in various tumors. Alterations in the activities of other GNAS products, particularly XLαs, could also contribute to the pathogenesis of these diseases.
